Abstract: Flood frequency estimation for the design of hydraulic structures is usually performed as a univariate analysis of flood event magnitudes. However, recent studies show that for accurate return period estimation of the flood events, the dependence and the correlation pattern among flood attribute characteristics, such as peak discharge, volume and duration should be taken into account in a multivariate framework. The primary goal of this study is to compare univariate and joint bivariate return periods of floods that all rely on different probability concepts in Yermasoyia watershed, Cyprus. Pairs of peak discharge with corresponding flood volumes are estimated and compared using annual maximum series (AMS) and peaks over threshold (POT) approaches. The Lyne-Hollick recursive digital filter is applied to separate baseflow from quick flow and to subsequently estimate flood volumes from the quick flow timeseries. Marginal distributions of flood peaks and volumes are examined and used for the estimation of typical design periods. The dependence between peak discharges and volumes is then assessed by an exploratory data analysis using K-plots and Chi-plots, and the consistency of their relationship is quantified by Kendall's correlation coefficient. Copulas from Archimedean, Elliptical and Extreme Value families are fitted using a pseudo-likelihood estimation method, verified using both graphical approaches and a goodness-of-fit test based on the Cramér-von Mises statistic and evaluated according to the corrected Akaike Information Criterion. The selected copula functions and the corresponding joint return periods are calculated and the results are compared with the marginal univariate estimations of each variable. Results indicate the importance of the bivariate analysis in the estimation of design return period of the hydraulic structures.
Introduction
Hydrological frequency analysis is an important area of hydraulic engineering design, water resources planning and management. This involves the selection of the variables of interest, the sampling of a sample series and the choice of the most appropriate population distribution. Traditionally, rainfall and flood frequency analysis has been performed using the assumption that the different variables (i.e., intensity, depth, duration and discharge, volume, duration) are independent. However, in most cases this assumption is not valid. For instance, different pairs of flood peaks and flood volumes may cause an equal raise in the river's water levels and therefore the performance of univariate analysis may not be sufficient. This interdependency of hydrological variables urged scientists and water managers to derive a joint law in order to successfully describe the main characteristics of the observed hydrological events. The first bivariate frequency distributions were generated based to the hypothesis that the variables of interest either have the same marginal probability distribution, or that their joint relationship is normally distributed (or become normally distributed after a transformation) [1] . These assumptions, however, were not always valid and therefore led to uncertainties in the estimation of hydrological values. In recent years, several studies were focused in finding a method which would assess in the investigation of the statistical behavior of dependent hydrological variables, without the need of the assumptions that classical bivariate frequency distributions use. The first paper on copulas in hydrology was published by De Michele and Salvadori [2] , and in the next few years, several other studies further expanded the theory, such as Favre et al. [3] ; Salvadori and De Michele [4] , Salvadori and De Michele [5] and Genest and Favre [6] .
The main concept of the copula approach is that a joint distribution function can be divided into two independent parts, the one describing the marginal-univariate behavior and the other the dependence structure [7, 8] . Copulas are the functions that describe the dependence between random variables and as a result, are able to couple the marginals of these variables into their joint distribution function [9] . The importance of this approach in the field of engineering and water science is noticeable. Copula method offers an efficient way in finding reasonable multivariate estimates for hydrological events that have a certain likelihood of occurrence. These estimates are used as design variables of the hydraulic structures. Design variables are characterized by a return period (recurrence interval) defined as the average time elapsing between two successive realizations of an event whose magnitude exceeds a defined threshold [10, 11] . In practice, the selection of a reliable return period is crucial as it is the fundamental parameter in the design of hydraulic structures.
The objective of the present study is to present in short the successive steps needed to build a copula model for hydrological variables and to calculate and compare the obtained univariate and joint bivariate return periods. The results of this work are also expected to investigate the deviations among the estimated design values when choosing different sampling methods. With the marginal distributions selected according to the methodology of traditional univariate analysis using two different types of extreme events peak series, a set of copula based bivariate distributions for peak flow-flood volume are determined. Univariate and joint bivariate return periods are then estimated for the daily datasets of stream flow. A brief overview of the case study and the details of the copula theory and the description of the approach are presented in the Data and Methodology section. This will introduce the Results section, in which the basic outputs of this work will be presented along with a comparison of the estimated univariate and bivariate return periods for each case. Finally, a short discussion of the results will be then made in the Conclusion chapter.
Data and Methodology

Data
Yermasoyia Basin is located in the southern side of mountain Troodos of Cyprus, roughly 5 km north of Limassol city and feeds one of 108 reservoirs of the island. The watershed area is 157 km 2 and its elevation ranges from 70 m up to 1400 m. The length of the main stream of the basin is about 25 km [12] and the average basin wide annual precipitation is 640 mm, ranging from 450 mm at the low elevations up to 850 mm at the upper parts of the watershed. The 65% of the mean annual runoff is generated by rainfall during winter months. The river is usually dry during summer months and the peak flows are observed in winter months and produced by rainfall events. Thirty years of daily discharge data (October 1970-September 1999) collected from the hydrological station on the Yermasoyia River were used for this study. The observed runoff data corresponds to the outlet of the basin, and measurements are collected prior to the dam construction. The mean annual discharge is 0.38 m 3 /s and the baseflow to total stream flow is 52% for the period of study.
Methodology
This study's primary objective is the application of the copula method and the evaluation of its results. To that end, approaches to specify the marginal distribution functions for the different variables were initially applied. This includes data analysis and implementation of baseflow separation using Lyne-Hollick filtering method [13] , modeling extremes for the selected parameters via the annual maxima and the peaks of threshold methods and finally, finding the appropriate distributions for each variable of interest. Afterwards, the return periods for each variable were calculated based to the typical univariate approach.
As previously stated, for the copula approach to be performed the dependence between the two variables of interest needed to be assessed. This could be done either by visualizing dependence or by the performance of statistical tests. The Chi-plot and K-plot are the most common graphical tools for detecting dependence. The statistical tests of dependence were performed by computing Kendall's correlation coefficient (Kendall's tau) and both graphical methods were taken into consideration for better visualization of the results.
After the dependence between the variables was evaluated, copulas from three different families were selected as candidate models. In the present work we considered only bivariate distributions and made use of Archimedean (Gumbel-Hougaard, Clayton, Frank and Joe), extreme value (Gumbel-Hougaard and Tawn) and elliptical (Normal or Gaussian) models. The maximization of the pseudolikelihood, a generally applicable method which does not have limitations regarding the dependence parameter, was selected for estimating the model's parameters for this study. The exclusion of non-admissible copulas was based to Cramér-von Mises statistic test, computed using a bootstrap procedure as described in Genest et al. (2009) [14] . Graphical tests for a visual description of the copula fitting and complementary analysis were also used. Finally, the (corrected) Akaike Information Criterion (AIC) [15, 16] among the non-rejected copulas determined the most appropriate model.
After the choice of the most efficient copula model, the bivariate distributions needed to be constructed. A copula is a joint distribution function of standard uniform random variables able to connect univariate marginal distribution functions with the multivariate probability distribution, as stated in Sklar Theorem [9] :
Let FXY be a joint distribution function with marginals FX and FY. Then there exists a copula C such that:
for all reals x, y. If FX, FY are continuous, then C is unique; otherwise, C is uniquely defined on Range (FX) × Range (FY). Conversely, if C is a copula and FX, FY are distribution functions, then FXY given by Equation (1) is a joint distribution function with marginals FX and FY. After modeling the bivariate distribution the copula based return periods were computed. In this study the bivariate joint (primary) return periods called OR operator "∨" (union of events -either of the variables u and v exceed the defined thresholds) and AND operator "∧" (intersection of events-both of the variables u and v exceed the defined thresholds) [5, 10] , were computed and are defined as:
where u and v follow a uniform distribution U(0, 1). The U denotes FX(X) and V denotes FY(Y) and were constructed after applying the probability integral transform to X and Y, a transformation which allowed us to simplify our work by using an equivalent set of values which follow the standard uniform distribution. In comparison to the univariate return periods, the joint bivariate estimates are not unique, but instead, they have infinite combinations of values, described with the level curve. All pairs (u, v) that lie on the same level curve of the copula have the same return period T(p), however, these combinations of values for u and v have various probabilities of occurrence and can have significant differences from one another. For the purposes of the present study the most-likely design realization method [17] , was used to select a unique return period. This method introduces a weighting function which specifies the point over the critical layer with the greatest value of the joint probability density function fxy. It is also known as "typical" critical realization, and is described with the following equation:
where u and v depict the converted via the probability integral transform realizations of the marginal distributions FX and FY of the random variables X and Y. After the identification of the maximization point, the pair (u, v) was used in order for the exceedance probability to be calculated. As a final step, a comparison of the different return periods coming from univariate and bivariate analysis was performed in order to investigate the results of the copula method.
Results
In order to evaluate the design variables, which could be used in the sizing of a flood control reservoir on the Yermasoyia River, the technique described in the methodology section was applied. In this case, both the flood peak and the flood volume are crucial factors; thus, provided that the two variables are related, the copula approach would be more substantial than the single-variate one. The flow peaks Q were initially selected based on the annual maximum series method. The Lyne-Hollick baseflow separation filter was applied in order to separate the baseflow from the total flow. The remaining values constitute the runoff or hydrograph volume. Then, the flood volume V was estimated by finding the flood volume which corresponds to the selected flood peaks events. As a second approach, the peaks over threshold (POT) method was also applied in the Yermasoyia flow dataset. The threshold was chosen according to the POT methodology, aiming to create a larger sample of extreme events compared to the previous analysis. More specifically, the threshold u0 = 3.8 m 3 /s was selected in order to satisfy the two graphical criteria; above the threshold u0, i. the mean residual life plot should be approximately linear in u and ii. the values of shape ξ and scale σ in the threshold range plot for parameters should be stabilized. The available observations amount to n = 40 pairs of maximum flow peaks (Q) with a mean inter-arrival time μ = 0.75 years. The sampled peak discharge series are presented in Figure 1a ,b. Afterwards, the flood volumes (V) corresponded to the specified flood peaks were calculated. 
Univariate Analysis
After the selection of extreme events, a univariate flood and rainfall frequency analysis was performed. Different probability models such as Generalized Extreme Values (GEV), Gumbel (EVI) and Generalized Pareto Distribution (GPD) for peak discharge and GEV, Gamma, Exponential, and Log-normal for flood volumes were applied to the datasets. The distribution's parameters were estimated with the help of maximum likelihood method, a method which will be as well used in copula's parameters estimation process [18] . Subsequently, the Kolmogorov-Smirnov Goodness-of-Fit and graphical tests were produced to select the distributions that produced an adequate fit to the data and finally, AIC [15] values among the non-rejected copulas determined the most appropriate statistical model. For the first set of data, the generalized extreme value distribution (GEV) was selected for fitting. Then, the events which were chosen using a POT approach were fitted in a Generalized Pareto Distribution (GPD) in accordance to extreme value theory. After the graphical and Goodness of Fit (GOF) tests were performed and AIC values were computed for each of the accepted models, exponential and lognormal distributions were selected for the flood volumes V, for the first and second dataset respectively. Model parameters were estimated by maximum likelihood (ML) method. Finally, as soon as the appropriate model was obtained, the univariate return periods were calculated for 2, 5, 10, 25, 50, 100, 200 and 500 years and are presented in Table 1 . The estimated univariate return values have differences only for the peak discharge variable in the lower return periods (Table 1) . However, the deviations between the two approaches could be attributed to the data processing algorithm, and not solely to the applied methodology. 
Bivariate Analysis
After the univariate analysis was performed, a formal assessment of the dependence between the pairs of the considered variables was tested with the help of Kendall correlation coefficient. The values returned were 0.74 for the first sample (AMS sampling for peak discharge) and 0.51 for the second (POT sampling for peak discharge). Histograms and a scatterplot of the Q-V pair are presented in Figure 2a , in which a strong correlation between the two variables can be easily noticed.
In the next step, the different copulas from the three families were fitted to Q-V pair. The parameters of the copulas were estimated with the maximum pseudolikelihood method and the considered functions were compared with different goodness-of-fit tests. For the AMS method sample only Tawn and Survival Gumbel copulas were rejected while for the POT sample, all copula candidate models were accepted in the 95% significance level. Gumbel copula with parameter = 3.51 was selected for the AMS sample, as it had the lowest AIC value, and at the same time had an adequate fit. The statistical test p-value was 0.053 for the bootstrapped p-value of the goodness-of-fit test using the Cramer-von Mises statistic (95% significance level). In a similar manner, the Joe Copula (parameter = 2.78) for the POT method was fitted to the sample (p-value = 0.511). Furthermore, Figure  2b shows the graphical tests of the selected copulas Gumbel and Joe for a sample size of 1000 simulations for the pair (Q-V). The Kendall's tau extracted from the comparison between observed and simulated values was 0.71 for the copula and 0.74 for the actual data in the first case, and 0.49 with 0.51 for the second, indicating that the correlation of the real data was preserved in the copula.
After copula selection, the bivariate distribution function was constructed and the selected marginals were taken into consideration. Figure 3 illustrates the level curves for the bivariate return periods (application 1). The results are presented for demonstrational purposes. Finally, Tables 2 and  3 show the derived joint return (primary) periods for the OR (union) and AND (intersection) cases, constructed following the Equations (2) and (3), and the most likely realization method as described in Equation (4) . The TOR and TAND joint return periods express the possible conditions of failure in case of having two variables which are considered important for design purposes. To be more thorough, the variables of interest can either work together or simultaneously in order to cause failure. In case that the condition of failure is met when either or both peak discharge Q and flood volume V variables exceed their threshold, the cooperative risk TOR should be taken into consideration. On the other hand, in case that failure occurs when both Q and V variables exceed their threshold simultaneously (or dually), the dual return period TAND needs to be calculated. The calculation of the two different joint return period cases is important as if the two variables Q and V can cooperate (OR case) then the marginal probabilities must be considerably higher.
The results of the bivariate analysis for the two methods had some differences that need to be discussed. Primarily, correlation between the peak discharge set constructed following the AMS method and its corresponding flood volumes was higher than the ones produced from the POT method. Secondly, since their correlation structure is different, other copulas functions needed to be applied. Nevertheless, the estimated values for the given return periods were similar to one another and differences were demonstrated only in the lower recurrence intervals, as previously observed in the univariate case, as well. It should be noted that the data processing algorithm and the choice of the threshold are also possible factors of the uncertainty shown in the results.
Concluding Remarks
In the present study, a bivariate flood frequency analysis was performed using an extensive selection of bivariate copulas, as well as different statistical and graphical tests. The Annual Maxima Series and the Peaks of Threshold approaches were followed in order to collect the data samples and as a next step, the corresponding univariate and bivariate return periods were evaluated and compared. In total, the return periods obtained were in consensus with Salvadori et al. (2007) [5] who showed that the relationship between univariate and primary (bivariate) return periods can be written as TOR < TUNI < TAND.
The correlation analysis in the two data samples confirmed that a significant dependence existed between the hydrological variables. It is worth noting that even though the correlation pattern changed when chose different sampling methods, the return period estimates did not have significant differences. All in all, the existence of dependence among hydrological variables along with the demands of the common problems at hand, indicate the need for multivariate distributions to be constructed, especially when dealing with design values. As a result, more studies should be performed in order to investigate the importance of copula application in hydrological analysis and more specifically, in the return period estimation.
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